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STUDY METHOD AND PHYSICS O F  FEAT EXCHANGE 
DURING VAPOR CONDENSATION 

N .  V. Zozulya 

AEGTRACT 

The hydrodynamics of h e a t  t r a n s f e r  during vapor conden
s a t i o n  are s t u d i e d ,  and r e s u l t s  are given for q u a n t i t a t i v e  
and q u a l i t a t i v e  a spec t s  of t h e  process .  The l i t e r a t u r e  
l acks  information on design equations for f i l m  condensation 
i n  condensers with v e r t i c a l  tubes,  e t c . ,  or f i l m  f low. The 
experimental s e tup  and methods are descr ibed i n  d e t a i l .  Ad
vantages such as me ta l l i c  observat ion mirrors  are enumerated. 

The wide a p p l i c a t i o n  of steam condensation processes has made it 	 /32* 
necessary t o  study t h e  phenomena of h e a t  t r a n s f e r  which occur i n  these  processes .  

The i n v e s t i g a t i o n s  c a r r i e d  ou t  i n  t h i s  d i r e c t i o n  by Soviet  and f o r e i g n  
s c i e n t i s t s  cover a s u b s t a n t i a l  range of problems. However, i n  a series of cases  
f o r  example, during the  f i l m  condensation of steam i n  condensers with v e r t i c a l l y  
arranged tubes,  t he  t e c h n i c a l  l i t e r a t u r e  does no t  con ta in  accepted design equa
t i o n s  f o r  t he  required su r face  a rea  of such condensers nor does it con ta in  t h e  
e s t a b l i s h e d  concepts r e l a t i v e  t o  t h e  h e a t  t r a n s f e r  mechanism i t s e l f  and i t s  
a s s o c i a t i o n  w i t h  t h e  hydrodynamics of condensate f i l m  flow along t h e  cooling 
surface.  This s i t u a t i o n  i s  due t o  an i n s u f f i c i e n t  amount of' experimental  da t a ,  
and t h e i r  l i m i t a t i o n  p r i m a r i l y  by condi t ions of water vapor condensation under 
atmospheric p re s su re .  Also t he  c h a r a c t e r i s t i c s  of f i l m  flow have been s tud ied  
very l i t t l e .  

The presence of d i f f e r e n t  equat ions recommended f o r  desc r ib ing  t h e  same 
process  i s  a l s o  due t o  t h e  disagreement of experimental  i n v e s t i g a t i o n s  i n  the  
determination of al f o r  t h e  condensation of steam i n  v e r t i c a l  tubes.  The com
p l e x i t y  of t he  phenomenon, t he  l a r g e  number of f a c t o r s  which e f f e c t  hea t  t r a n s 
f e r  during steam condensation, i s  responsible  f o r  t he  wide s c a t t e r i n g  of ex
perimental  d a t a  f o r  t h e  case when the  purpose of t he  experiment i s  t o  determine 

* 
Numbers given i n  the margin i n d i c a t e  the  pag ina t ion  i n  t h e  o r i g i n a l  fo re ign  
t e x t .  
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t h e  c o e f f i c i e n t  of h e a t  t r a n s f e r  during the  condensation of water vapor a t  
atmospheric pressure.  A comparison of t hese  d a t a  ( f i g .  1) shows t h a t  t he  spread 
of t h e  measurements i s  100 pe rcen t  and more. 

This spread of experimental  p o i n t s  i s  due not  on ly  t o  a poss ib l e  inaccuracy 
i n  the measurements bu t  a l s o  t o  the  f a c t  t h a t  i n  some works t h e r e  was probably 
a mixed condensation of steam or a condensation of steam wi th  i n s i g n i f i c a n t  /33 
amounts of a i r .  It i s  known t h a t  i n  t h e  f i r s t  case al i nc reases  while i n  t h e  

second case it decreases  compared t o  the  values  of a1 which must be a t t a i n e d  1 

during t h e  f i l m  condensation of pure steam. 

Experimental i n v e s t i g a t i o n s  were c a r r i e d  ou t  a t  t.he I n s t i t u t e  of Heat and 
Power Engineering o f  t h e  Ukranian Academy of Sciences t o  r e f i n e  the  e x i s t i n g  
concepts of h e a t  t r a n s f e r  during f i l m  condensation i n  ve r t i ca l  tubes,  t o  o b t a i n  
new experimental  d a t a  on the  condensation of steam a t  atmospheric and sub
atmospheric pressures ,  and also t o  c l a r i f y  t h e  e f f e c t  of  h e a t  t r a n s f e r  on the  
phys ica l  p r o p e r t i e s  of t he  f i l m  when vapors of h igh ly  viscous material are con
densed. The p resen t  work i s  concerned both wi th  t h e  q u a l i t a t i v e  and quan t i t a 
t i v e  a s p e c t s  of t h i s  process .  

The p resen t  a r t i c l e  d i scusses  r e s u l t s  of t he  i n v e s t i g a t i o n  of f i l m  con
densate hydrodynamics and desc r ibes  t h e  s p e c i a l  f e a t u r e s  associated w i t h  t h e  
experimental  s e tup  and the  methods which made it poss ib l e  t o  ob ta in  r e l i a b l e  
data .  

Experimental Setup 

The experimental  setup w a s  designed so t h a t  it could be used i n  the  inves
t i g a t i o n  of hea t  t r a n s f e r  during the  condensation of vapors wi th  d i f f e r e n t  
phys i ca l  p r o p e r t i e s  (water and g lyce r ine )  and so t h a t  it could be used i n  ex
periments w i t h  tubes of  d i f f e r e n t  he igh t s  a t  atmospheric pressure and under 
i n d u s t r i a l  vacuum as w e l l  as under temperatures from 40 t o  200 degrees.  

The a p p l i c a t i o n  of  a n a t u r a l  closed c i r c u l a t i o n  of t h e  working agent i n  
t h e  experimental  s e tup  ( f i g .  2) t oge the r  w i t h  i t s  p a r t i a l  automation has simpli
f i e d  t h e  process of ob ta in ing  s t a b l e  modes f o r  any p r a c t i c a l  du ra t ion  of 
experiments. 

The f i g u r e  shows how the  sa tu ra t ed  vapor of t h e  substance obtained i n  /35
b o i l e r  (1)a f t e r  f l y i n g  through t h e  sepa ra to r  and t h e  superheating u n i t  (2) 
e n t e r s  t he  condenser (3) .  After t h i s  t he  condensate flows through t h e  measuring 
tanks ( 5 ,  6, 7) back i n t o  t h e  b o i l e r .  

Much a t t e n t i o n  was given t o  t h e  problems of maintaining vacuum, hermeti
c a l l y  s e a l i n g  the  se tup  under normal condi t ions and under condi t ions of high 
temperatures and t h e  e l imina t ion  of a i r  t r a c e s .  For t h i s  purpose the  se tup  
was constructed using drawn tubes which were gas welded on both s i d e s .  The 
dismountable couplings w e r e  designed i n  accordance w i t h  vacuum engineering prac
t i c e  ( r e f .  1) and had t h e  form of f lange,  s l eeve ,  or bellows couplings. 
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Figure 1. Comparison of experimental  d a t a  on the  
condensation of water vapor i n  v e r t i c a l  tubes:  
Q English and Donkin, 0 Callender & Nicholson, 

Jordan, @ Jacob, Erk, Ek, 0 Gebbard and Badger, 
v Gudymchuk, A Lochkin & Kanayev, v Messenburg, 
@ Kutateladze,  + Fredjen, x Becker & Strobe, 
0 Shee and f i a z e ,  A-B - according t o  Nusselt .  

The shut-off devices  consis ted of needle valves and vacuum valves. The 
t i n y  l eaks  were el iminated by using BF-2 and BF-4 cements which were polymer
ized by heat ing t o  a temperature of l5O degrees.  Tests conducted with an a i r  
pressure of 10 atmospheres showed t h a t  t hese  measures provided f o r  s u f f i c i e n t  
hermetic s e a l i n g  of t he  setup.  

To e l imina te  t r a c e s  of a i r  during the  experiments a s u b s t a n t i a l  p a r t  of 
the vapor w a s  removed from t h e  bas i c  condenser and f e d  t o  an intermediate  con
denser ( 4 ) .  The condensate w a s  piped t o  t h e  b o i l e r  while t h e  a i r  passed the  
drop separator ,  t he  cooler  and t h e  chemical moisture remover and was subse
quent ly  pumped by the  vacuum-pump (9) i n t o  the atmosphere. The vacuum system 
w a s  regulated by varying the loads on the  intermediate  condenser and by  the  
con t ro l  valve.  The hermetic s e a l i n g  of t he  se tup ,  t he  l a r g e  volume ( t o  20 per
cen t )  of vapor moved t o  t h e  intermediate  condenser and a s u f f i c i e n t  capac i ty  
of t h e  pump have made it poss ib l e  t o  c a r r y  ou t  t he  i n v e s t i g a t i o n s  wi th  vapor 
which w a s  p r a c t i c a l l y  pu re .  

The r a t h e r  wide range of temperature v a r i a t i o n s  of the experimental  tube 
w a l l  (from 20 t o  150') made it necessary t o  use an open as w e l l  a s  a closed 
system f o r  c i r c u l a t i n g  t h e  coolant .  

I n  the  f irst  case t a p  w a t e r  was used. I n  the  closed system t h e  c i r c u l a 
t i o n  through a loop cons i s t ing  of t he  experimental  tube (11)and t h e  h e a t  
exchanger (12) was accomplished by pump (13). The h e a t  exchanger was cooled 
by t a p  water.  The closed system made it poss ib l e  t o  use a temperature s t a b l e  
l i q u i d  ( o i l )  and t o  o b t a i n  tube w a l l  temperatures above 100'. It a l s o  made 
it poss ib l e  t o  maintain a des i r ed  d i f f e r e n c e  A t l i q u i d  between t h e  temperature 

of the coolant  e n t e r i n g  and leaving the experimental  tube.  W e  desc r ibe  b r i e f l y  
the  s p e c i a l  f e a t u r e s  of t he  d i f f e r e n t  components used i n  the  experimental  setup.  
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Figure 2. Experimental setup: 1, b o i l e r ;  2, steam 
superheating u n i t ;  3, b a s i c  condenser; 4, intermediate  
condenser; 5 ,  6, 7, 8, measuring tanks f o r  t he  con
densate;  9, vacuum pump; 10, water  remover; 11, ex
perimental  tubes;  12, h e a t  exchanger; 13, pump; 14, 
d i f f e r e n t i a l  manometer; 15, device f o r  measuring the 
f i l m ;  16, observat ion windows. 

The sa tu ra t ed  vapor was obtained by heat ing the  b o i l e r  e l e c t r i c a l l y .  The 
h e a t e r s  were placed i n  v e r t i c a l  t h in -wa l l  s t ee l  v e s s e l s  which were welded i n t o  
t h e  bottom of the  b o i l e r .  The i n s u l a t i o n  of  the hea te r s  from d i r e c t  c o n t a c t f i  
w i th  the  l i q u i d  prevented t h e  breakdown of g lyce r ine  when t h e  l a t t e r  w a s  used as 
a working f l u i d .  A s u f f i c i e n t  number of hea t ing  elements ( 9  u n i t s )  and t h e i r  
d i f f e r e n t  power r a t i n g s  made it poss ib l e  t o  vary t h e  load on t h e  b o i l e r  from a 
minimum of 0.7 k i lowa t t s  when using one h e a t e r  t o  a t o t a l  of 22 k i l o w a t t s  when 
using a l l  t h e  hea te r s .  The operat ing mode of t h e  b o i l e r  was con t ro l l ed  by using 
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the  corresponding number of hea te r  elements. The operat ing mode during the  
experiment was maintained automatical ly  by means of a contact  thermometer and a 
mercury r e l a y  which operated the  c e n t r a l  heat ing element. 

For engineering safe ty ,  a l l  the  h e a t e r  elements could be simultaneously 
turned off from a c e n t r a l  cont ro l  po in t  by a magnetic switch.  

I n  s p i t e  of t he  mechanical water separa tor ,  the  steam obtained i n  the  
b o i l e r  may contain a c e r t a i n  amount of moisture.  To e l imina te  the  moisture 
content of vapor which i s  d i f f i c u l t  t o  determine from the thermal balance, an 
e l e c t r i c  superheater w a s  included and placed a t  the  p o i n t  where the  vapor en
te red  the condenser ( f i g .  2).  The superheater was regulated by an au to t rans
former and a thermal r e l a y .  This made it poss ib le  t o  maintain the  temperature 
of the superheated vapor wi th  an accuracy of approximately 1'. 

The dismountable cons t ruc t ion  of t he  condenser case made it poss ib l e  t o  
use it wi th  experimental tubes one and two meters i n  height .  The in t roduc t ion  
of vapor i n t o  the  center  of the housing wi th  a l a rge  diameter (150mm when the 
diameter of the  experimental  tube was 1 4  mm) make it poss ib le  t o  achieve low 
vapor v e l o c i t i e s  (Wmax = 1 . 4  m/sec) so t h a t  t h e i r  e f f e c t  on the flow of f i l m  

condensate could be neglected.  

The end l o s s e s  of heat  through the experimental  tube were p r a c t i c a l l y  
eliminated by using t e x t o l i t e  f langes .  

Since the basic  method of determining the thermal f l u x e s  was t h e  measure
ment of the condensate formed on the experimental tube,  a provis ion was made 
f o r  i t s  separate  removal from the  condensate forming on the  wal l s  of the 
housing. 

The housing of t h e  condenser contained a device f o r  measuring t h e  th ick
ness of the  f i l m  and f o r  v i s u a l  observations on the nature  of i t s  formation 
and flow and a l s o  the  leads  from pressure and temperature sensors  f o r  the  vapor 
i n  the condenser. 

The setup contained regulated compensating heat ing designed i n  accordance 
wi th  the recommendations of B. S. Petukhov ( r e f .  2 ) .  

Measurement Methods 

The s p e c i a l  f e a t u r e  of the i n v e s t i g a t i o n  was the  comprehensive s tudy of 
hea t  t r a n s f e r  and flow hydrodynamics of the  condensate f i l m  along the  tube.  

By using working f l u i d s  of d i f f e r e n t  p r o p e r t i e s ,  of which g lyce r ine  has a 
v i s c o s i t y  which i s  one hundred times g r e a t e r  than t h a t  of water, it was /37
poss ib le  t o  ob ta in  da ta  over a l a r g e  range of c r i t e r i a .  The range of thermal 
loads (from 25,000 t o  140,000 kcal/m2 h r )  and temperature drops between -the 
vapor and the  w a l l  from 6 t o  1 4 5 O  covered a l l  the  poss ib le  operat ing modes of 
i n d u s t r i a l  condensers. 
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The method of measurement was based on the maintenance of high accuracy i n  
determining the  values of t he  h e a t  t r a n s f e r  c o e f f i c i e n t  01 and i n  c o n t r o l l i n g  

the r egu la t ion  and s t a b i l i t y  of the  operat ing mode of t he  se tup  when experiments 
were c a r r i e d  ou t .  

The thermal f l u x e s  were determined from the q u a n t i t y  of condensate and 
were dupl icated f o r  the  consumption and heat ing of t h e  l i q u i d  which cooled the  
experimental tube.  I n  ind iv idua l  cases they  were determined from the  consump
t i o n  of the  e l e c t r i c a l  energy i n  the  vaporizat ion of the  l i q u i d  i n  the  b o i l e r  
a s  w e l l  as i n  the  superheating of the  vapor i n  the superheating uni t .  

The condensate w a s  measured by means of measuring tanks which consis ted of 
elongated meta l l ic  cy l inders .  The consumption of the  coolant w a s  measured by 
means of graduated diaphragms while the  energy consumed t o  vaporize and /38
superheat the vapor was measured by a group of e l e c t r i c  counters connected t o  
the c i r c u i t  feeding the hea te r  elements. 

Temperatures were measured over t he  e n t i r e  c i r c u l a t i o n  1 0 . 0 ~of the  working 
mater ia l .  

The bas ic  group of measured temperatures consis ted of the following: w a l l  
temperature of the experimental tube, vapor temperature a f t e r  the superheater  
and i n  the  condenser, temperature of t he  condensate i n  the  measuring tanks,  
temperature of the l i q u i d  cooling the  tube,  and a l s o  the  temperature of the  
condensate flowing down the  tube.  

Auxil iary measurements included temperature measurement, which made it 
possible  t o  regula te  the d i r e c t i o n  and magnitude of hea t  flow during compen
sa t ing  hea t ing .  

The measurements c i r c u i t  ( f i g .  3) i s  based p r imar i ly  on the e l e c t r i c  
measurement of q u a n t i t i e s  ( r e s i s t ances  and thermo-emf) charac te r iz ing  the  tem
pera ture  a t  the  p o i n t s  where the  sensors  were placed. 

The measurement of the temperatures associated wi th  the  bas ic  group was 
achieved by using a compensating potent iometr ic  method which provided f o r  high 
accuracy. 

I n  descr ibing the  cons t ruc t ion  of the sensorg we should consider the  
measurement of cooling surface temperature, the vapor temperature i n  the  volume 
of the condenser and the f i l m  temperature of the condensate flowing down the 
experimental tube.  The f i rs t  two measurements d e t e r m i x  E ,  and consequently 
t h e i r  accuracy determines the accuracy of the  hea t  t r a n s f e r  c o e f f i c i e n t  E 1' 
The measurement of the  condensate temperature was achieved a t  the lower s e c t i o n  
of the  experimental tube.  This measurement made it poss ib l e  t o  r e f i n e  t h e  
amount of heat  necessary t o  supercool the condensate and gave a more accurate  
value f o r  the temperature necessary t o  s e l e c t  the  phys ica l  constants  of the  
f i l m  i n  determining El. 
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Figure 3. Schematic showing the  e l e c t r i c a l  measurements: C - e lec 
t r i c  counters  (measurement of energy used t o  vaporize the  l i q u i d ) ;  
W - wat t  meter (measuring t h e  energy used f o r  superheat ing the  vapor); 
PPTV-1 - potent iometer ;  M - "Mul ' t i f l eks"  galvanometer; G - galvan
ometer; T - two pole switch;  F - fou r  pole  switch; P M T - brush 
switch: MA - milliammeter; R - r e s i s t a n c e ;  Rob - standard r e s i s t a n c e ;  
R 1  - r e s i s t a n c e  thermometer (temperature of t he  tube w a l l ) ;  R2 - r e s i s 

tance thermometer (temperature of t h e  vapor i n  the  condenser); I - I V  -
thermocouples for measuring the  vapor temperature i n  the  b o i l e r ,  t he  
vapor temperature beyond the  superhea ter ,  t he  temperature of t he  l i q u i d  
f o r  cooling t h e  condensate; D - Duare v e s s e l ;  b - b a t t e r y ;  1-17- t he r 
mocouples f o r  measuring the  temperature of equipment w a l l s ;  18 - con
denser; 19 - condensate measuring tanks ;  20 - condensate c o l l e c t o r .  

The measurement of t he  w a l l  temperature i s  a s soc ia t ed  wi th  s p e c i f i c  d i f f i 
c u l t i e s  due t o  the  n e c e s s i t y  of p lac ing  the  temperature sensors  i n  t h e  w a l l  
m a t e r i a l .  The d i r e c t i o n a l  method of measurement can l ead  t o  s u b s t a n t i a l  e r r o r s  
which a r e  aggravated by the  v a r i a t i o n  i n  the  th ickness  of t he  flowing condensate 
f i l m  and t h e  temperature of t h e  coolant  and consequently by the  w a l l  temperature 
along the  he ight  of t he  tube .  

Two methods a r e  used i n  the  p r a c t i c e  of measuring w a l l  temperature:  one 
involves  t h e  use of thermocouples while t he  o ther  involves  the  use of r e s i s t o r  
thermometers ( the rmis to r s )  . 

We should p o i n t  ou t  t h a t  i n  e a r l i e r  i n v e s t i g a t i o n s ,  thermocouples were 
almost always used. T h i s  i s  explained by t h e  s i m p l i c i t y  of t h e i r  f a b r i c a t i o n  
and i n s t a l l a t i o n  i n t o  the  tube wa l l .  However, i n  order  t o  ob ta in  the  average 
value of t he  temperature f o r  t h e  e n t i r e  cooling su r face ,  the  bas ic  disadvantage 
of a thermocouple i s  t h a t  i t  measures temperature a t  a p o i n t .  The use of a 
l a r g e  number of thermocouples t o  ob ta in  the  average temperature of t h e  /39  
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su r face  makes t h i s  determinat ion r a t h e r  a r b i t r a r y  and a l s o  due t o  t h e  l a r g e  
number of l e a d s  from the  tube w a l l  it d i s r u p t s  t he  hydrodynamics of f i l m  con
densate flow along the  tube.  

Unlike t h e  thermocouple, t he  r e s i s t a n c e  thermometer which i s  i n s t a l l e d  
along t h e  e n t i r e  l eng th  and per imeter  of t he  tube makes it p o s s i b l e  t o  measure 
t h e  average i n t e g r a l  temperature of t h e  tube w a l l  w i t h  high accuracy by means 
of a s i n g l e  measurement without  d i s r u p t i n g  t h e  na tu re  of t h e  f i l m  flow. For 
t h i s  reason the r e s i s t a n c e  thermometers w e r e  used i n  s p i t e  of t h e  d i f f i c u l t y  
a s soc ia t ed  wi th  t h e i r  i n s t a l l a t i o n .  The r e s i s t a n c e  thermometers consis ted of  
annealed platinum w i r e  wi th  a diameter of 0 .1  m. Severe d i f f i c u l t i e s  had t o  
be overcome i n  the f a b r i c a t i o n  of  t h e s e  devices .  The d i f f i c u l t i e s  were asso
c i a t ed  wi th  t h e  n e c e s s i t y  of r e t a i n i n g  t h e  q u a l i t y  of t h e  o u t e r  su r f ace  of t h e  
tube and providing a minimum thermal i n s u l a t i o n  of t h e  platinum while a t  t he  
same t i m e  preventing an e l e c t r i c  con tac t  between t h e  platinum and t h e  w a l l .  

A f t e r  extensive experimentation, t he  following method of  i n s t a l l i n g  t h e  
thermometer proved most s a t i s f a c t o r y .  The platinum w i r e  w i th  the  soldered 
l e a d s  covered wi th  thermally s t a b l e  lacquer  over a s i l k  covering w a s  pu l l ed  
i n t o  an annealed copper tube wi th  a diameter of 1.3/0.3 mm. The r e s i s t a n c e  
thermometer i n  t h i s  form w a s  i n s t a l l e d  i n  a s p i r a l  channel milled i n  t h e  tube 
and a f t e r  it was pressed i n ,  it was soldered along t h e  e n t i r e  l eng th  of t h e  
tube.  

After t h e  f i n i s h i n g  operat ions,  t he  su r face  along t h e  s o l d e r  l i n e  w a s  t h e  
same as the  remaining su r face  of t h e  tube.  

The device w a s  c a l i b r a t e d  under condi t ions which were close t o  t h e  opera
t i n g  condi t ions,  i . e . ,  af ter  the  platinum w a s  i n s t a l l e d  i n  t h e  experimental  
tube.  For t h i s  purpose t h e  tube wi th  the  connected r e s i s t a n c e  thermometer w a s  
placed i n  a double walled g l a s s  j a c k e t  through which o i l  heated t o  a given 
temperature w a s  pumped i n  a l l  d i r e c t i o n s .  The temperature of t he  o i l  w a s  main
t a ined  wi th  an accuracy of t h e  o rde r  of 0.030 by means of an u l t r a the rmos ta t  
f o r  each of t he  e s t a b l i s h e d  modes. 

During the c a l i b r a t i o n  a s p e c i a l  experiment w a s  conducted t o  make s u r e  
t h a t  the cu r ren t  of  5 m a  s e l e c t e d  f o r  t h e  thermometer c i r c u i t  did n o t  have any 
e f f e c t  on t h e  accuracy of t he  measurements. Obviously t h e  v a r i a t i o n  i n  the  
r e s i s t a n c e  of the pla.tinum due t o  i t s  hea t ing  by t h e  cu r ren t  during t h e  per iod 
of measurement l i e s  w i t h i n  the  l i m i t s  of accuracy of t he  measurements. 

The temperature of t h e  vapor i n  the  condenser w a s  a l s o  measured w i t h  a 
s p e c i a l l y  f ab r i ca t ed  platinum thermometer i n  which the  platinum Lnsulated w i t h  
a t h i n  layer of thermally s t a b l e  lacquer  was wound on a long t h i n  tube placed 
i n  the  condenser. With t h i s  type of cons t ruc t ion  t h e  sensor  had low thermal 
i n e r t i a  and made it poss ib l e  t o  ob ta in  the  average value of t h e  vapor tempera
t u r e  i n  the  condenser volume. The vapor temperature w a s  a l s o  measured from 
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t h e  pressure sensed by means of a mercury vacuum gage connected t o  the  condenser. 

The temperature of t h e  f i l m  condensate flowing along the  experimental  /40
tube was measured a t  i t s  lower p a r t  by p l ac ing  a thermocouple along t h e  circum
ference of an i r r e g u l a r l y - shaped t e x t o l i t e  washer i n  an arrangement concentr ic  



w i t h  the  tube. The condensate flowing down t h e  tube covered t h e  ho t  j unc t ion  
of t he  thermocouple and i t s w i r e s , t h u s  preventing the  flow of h e a t  from the cold 
junct ion.  The l eads  of t h e  thermocouple w e r e  moved ou t  of t he  condenser through 
s p e c i a l  seals. The remaining temperatures w e r e  measured e i t h e r  by means of 
thermocouples or thermometers. 

During operat ion t h e  potent iometr ic  c i r c u i t  w a s  normalized t o  correspond 

t o  c l a s s  2. A "Mul ' t i f l eks"  type galvanometer w i th  a s e n s i t i v i t y  of ~ l O - ~ a  
w a s  used as t h e  n u l l  device.  

To e l imina te  e r r o r s  which could be introduced i n  the  r e s i s t a n c e  thermometer 
c i r c u i t s  by p a r a s i t i c  thermo-emf, an inve r s ion  switching w a s  used which made it 
poss ib l e  t o  change simultaneously the  p o l a r i t y  of a l l  t h e  elements i n  t h e  meas
urement c i r c u i t .  Thus t h e  r e s u l t  of t he  measurements w a s  determined as the  
average of two readings.  All t he  connections i n  the measurement c i r c u i t  w e r e  
made e i t h e r  by so lde r ing  o r  by a r c  welding and t h e  c i r c u i t  i t se l f  w a s  mounted 
on a separate  measurement panel.  

A s  p a r t  of t he  measurementtechnique,in each case before the  experiment 
w a s  s t a r t e d  t h e  se tup  was c a r e f u l l y  checked t o  make sure t h a t  it w a s  hermeti
c a l l y  sea l ed .  ( A  t e s t  p re s su re  of 3.5 atmospheres w a s  used a s  w e l l  a s  a vacuum 
t e s t . )  It took 5 t o  6 hours t o  br ing t h e  se tup  from the  "cold s t a t e "  t o  the  
operat ing s t a t e  which involved r egu la t ing  t h e  cooling system, the output  of t h e  
b o i l e r ,  t h e  superheating of t h e  vapor, the ope ra t ion  of intermediate  condensers 
and the  ope ra t ion  of t he  vacuum pump. The t r a n s i t i o n  from one thermal load t o  
another a t  a constant  vapor p re s su re  took 1 t o  2 hours.  The experiment l a s t e d  
30 t o  60 minutes. Measurements were conducted every 5 minutes, while t he  w a l l  
temperature w a s  measured every 1.5-2 minutes. 

Due t o  the automatic r egu la t ion  of b o i l e r  output  t h e  pressure i n  the  con
denser w a s  maintained a t  a constant  value w i t h  dev ia t ions  of 1 - 2  mm of mercury 
from the  value e s t ab l i shed  f o r  each experiment. The temperature of superheating 
w a s  maintained automatical ly  with an accuracy of 1-2'. Thus experiments were 
c a r r i e d  ou t  under completely s t a b i l i z e d  cond i t ions .  A s  a r e s u l t  of t hese  meas
u r e s  t o  provide f o r  high measurement accuracy it was poss ib l e  t o  determine the  
value of El with an e r r o r  of 5-6 percent .  

Qua l i t a t ive  I n v e s t i g a t i o n  of  t h e  Condensation Process 

Many of t h e  works concerned wi th  t h e  i n v e s t i g a t i o n  of h e a t  t r a n s f e r  during 
vapor condensation a r e  l i m i t e d  t o  t h e  determinat ion of t he  hea t  t r a n s f e r  c o e f f i 
c i e n t  without a d i r e c t  s tudy of t he  nature  of formation and flow of condensate 
f i l m  along t h e  cooling surface.  A s  w e  know t h e  v i s u a l  observat ions were f i r s t  
e s t ab l i shed  by V. A .  Gudymchuk (ref.  4) and S. S. Kutateladze ( ref .  5 ) .  How
ever ,  the appl ied method of observat ion on the s ta te  of t h e  cooling su r face  & 
through the  observat ion windows turned o u t  t o  be inadequate.  Such observat ions 
( i f  the  g l a s s  w a l l ' d o e s  not  extend along the  e n t i r e  tube)  are l i m i t e d  t o  d e f i n i t e  
regions.  Also t h e  method i t se l f  cannot give a c l e a r  p i c t u r e  on t h e  nature  of t h e  
condensate f i l m  flow along t h e  tube .  
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Ill1 I I  I l l 1  

This s i t u a t i o n  made it necessary t o  f i n d  another  method of  observat ion.  
After a series of a t tempts  it turned o u t  t h a t  t h e  form of  vapor condensation 
and the  na tu re  of t h e  condensate f i l m  flow can be c l e a r l y  observed from t h e  
mi r ro r  r e f l e c t i o n  of  t h e  condensation su r face .  To o b t a i n  t h i s  r e f l e c t i o n  m i r 
r o r s  were placed i n s i d e  t h e  condenser housing. 

The uniform i l l u m i n a t i o n  of t he  tube w a l l s  f a c i n g  t h e  mi r ro r  was achieved 
by arranging l i g h t  sources i n  t h e  condenser. The i n t e n s i t y  of t hese  sources was 
regulated by varying t h e  vol tage which f e d  t h e i r  c i r c u i t .  

To make high-temperature ope ra t ion  poss ib l e ,  m e t a l l i c  mi r ro r s  were used. 
To e l imina te  t h e  condensation of vapor on t h e  surface of t h e  mirror  compensa
t i o n  was provided by hea t ing  t h e  back s i d e  of t h e  mi r ro r .  

The mi r ro r s  were arranged a g a i n s t  t h e  observat ion windows and were mounted 
i n t o  the  condenser housing. By i n s t a l l i n g  t h e  mi r ro r s  a t  a c e r t a i n  angle wi th  
r e s p e c t  t o  the  experimental  tube it w a s  poss ib l e  t o  observe t h e  regions of t he  
tube t o  any des i r ed  he igh t .  

This new method has made it poss ib l e  t o  observe and determine a s e r i e s  of 
important f e a t u r e s  associated w i t h  t h e  process .  

The q u a l i t a t i v e  s t u d i e s  showed t h a t  when water vapor a t  a p re s su re  c lose  
t o  atmospheric i s  condensed on the  copper tubes mixed condensation occurs .  
However, t he  i n t e n s i f i c a t i o n  of t h e  heat  t r a n s f e r  a t  t h i s  t i m e  i s  determined 
not only by the  presence of regions wi th  d r o p l e t s  but  a l s o  by the  d i s r u p t i o n  
i n t h e  laminarf low of t h e  condensate f i l m  which flows over and p e r i o d i c a l l y  
covers t hese  regions.  

The inc rease  i n  the  v i s c o s i t y  of t h e  condensate (by condensing the  vapors 
of a viscose substance o r  by dropping t h e  pressure of  t h e  water vapor condensa
t i o n )  l i m i t s  t he  occurrence of d r o p l e t  condensation. I n  t h i s  case t h e  inc rease  
i n  the  th i ckness  of t h e  condensate f i l m  and i n  t h e  binding f o r c e s  between t h e  
p a r t i c l e s  of l i q u i d  i n h i b i t s  t h e  exposure of  t h e  cool ing su r face  a t  p o i n t s  of 
poss ib l e  d r o p l e t  formation. Consequently, under condi t ions of i n d u s t r i a l  vacuum 
the  c a l c u l a t i o n  of El must be based on the  l a w s  governing the  f i l m  condensation 
of vapor. 

Two forms of condensate f i l m  flow were c l e a r l y  e s t a b l i s h e d  during t h e  f i l m  
condensation of water vapor. A t  t h e  upper p a r t  of t h e  tube the  f i l m  undergoes 
laminar flow i n  a uniform fa sh ion  without  any v i s i b l e  d i s r u p t i o n s  i n  t h e  out
l i n e s  of i t s  e x t e r n a l  f ree  su r face .  Then a f t e r  it has reached a d e f i n i t e  t h i ck 
ness,  t h e  f i l m  develops a surge which generates  c l e a r l y  def ined r i n g  waves. The 
he igh t  of t h e s e  waves inc reases  as they  move down and t h e  e n t i r e  p i c t u r e  r e 
sembles a corrugat ion w i t h  r o l l e d  r i b s  and a poorly defined c o n i c i t y  ( f i g .  4 ) .  

When g lyce r ine  vapors are condensed t h e  v i s c o s i t y  i s  much g r e a t e r  t han  the 
v i s c o s i t y  of water and the  smooth 1aminar.flow of t h e  f i l m  i s  transformed 
i n t o  a flow of b u i l t  up l a y e r s  having the appearance of i nd iv idua l  elongated

/42 

waves. 
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Figure 4. Nature of f i l m  
flow along t h e  v e r t i c a l  
tube of t h e  condenser. 

The l e n g t h  of t he  laminar region i s  va r i ab le  and depends on the magnitude 
of t h e  thermal flux i f  a l l  o the r  condi t ions are equal,  tending t o  become 
s h o r t e r  when t h e  l a t t e r  i nc reases .  

The complex nature  of t h e  operat ion when q u a l i t a t i v e  i n v e s t i g a t i o n s  t o  
measure t h e  f i l m  t h i ckness  are conducted i n  para l le l  w i t h  t h e  i n v e s t i g a t i o n s  
t o  measure El, made it poss ib l e  t o  e s t a b l i s h  the  l i m i t s  f o r  t he  t r a n s i t i o n  of 

t h e  laminar flow t o  wave flow. This t r a n s i t i o n  during t h e  condensation of 
water vapor occurs when 

where q i s  the  s p e c i f i c  thermal load; H i s  t h e  he igh t  of t he  tube; r, y, V are 
phys ica l  constants .  Th i s  i s  i n  agreement w i t h  t h e  d e r i v a t i o n  of P. L .  Kapitsa 
(ref.  6) f o r  t he  beginning of wave formation i n  t h i n  l i q u i d  f i l m s .  
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I n  t h e  determination of Zlit w a s  observed t h a t  t h e  process  of h e a t  t r a n s 

f e r  through the  f i l m  i s  i n t e n s i f i e d  as wave flow i s  developed on t h e  cooling 
su r face .  

This l e d  t o  t h e  conclusion t h a t  under condi t ions of vapor condensation i n  
v e r t i c a l  tubes the re  i s  a t r a n s i t i o n  zone between the  laminar and t u r b u l e n t  flow 
s t a t e s  which i s  a s soc ia t ed  w i t h  t h e  wave flow of t h e  f i l m .  

The proces-;ing of experimental  da t a  t o  o b t a i n  t h e  c o e f f i c i e n t s  of h e a t  
t r a n s f e r  i n  the  form of c r i t e r i a  showed t h a t  t h e  e x t e n t  of  t h i s  zone l i e s  i n  
the l i m i t s  30 < Ren < 2,000-2,500and i n  t h i s  case El can be determined from 

the r e l a t i o n s h i p  -aL (")k1.05 Re
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